ABSTRACT: Catalyst stability in the liquid phase under polar conditions, typically required for the catalytic conversion of renewable platform molecules, is a major concern but has been only sparsely studied. Here, the activity, selectivity, and stability of Ru-based catalysts supported on TiO 2 , ZrO 2 , and C in the conversion of levulinic acid (LA) to γ-valerolactone (GVL) has been studied at 30 bar of H 2 and 423 K in dioxane as solvent. All catalysts showed excellent yields of GVL when used fresh, but only the Ru/ZrO 2 catalyst could maintain these high yields upon multiple recycling. Surprisingly, the widely used Ru/TiO 2 catalyst showed quick signs of deactivation already after the first catalytic test. XPS, CO/FT-IR, TGA, AC-STEM, and physisorption data showed that the partial deactivation is not due to Ru sintering or coking but rather due to reduction of the titania support in combination with partial coverage of the Ru nanoparticles, i.e. due to a detrimental strong metal−support interaction. In contrast, the zirconia support showed no signs of reduction and displayed high morphological and structural stability even after five recycling tests. Remarkably, in the fresh Ru/ZrO 2 catalyst, Ru was found to be fully atomically dispersed on the fresh catalyst even at 1 wt % Ru loading, with some genesis of Ru nanoparticles being observed upon recycling. Further studies with the Ru/ZrO 2 catalyst showed that dioxane can be readily replaced by more benign solvents, including GVL itself. The addition of water to the reaction mixture was furthermore shown to promote the selective hydrogenation reaction.
INTRODUCTION
Many research efforts are currently being devoted to the development of efficient catalytic conversion routes for the production of renewable fuels and chemicals from lignocellulosic biomass. In this respect, the platform molecule γ-valerolactone (GVL) has attracted much attention, as it can be used in the chemical industry either directly or, after further upgrading, as a fuel additive, food ingredient, nylon intermediate, or renewable solvent.
1,2 GVL can be obtained by gas-or liquid-phase hydrogenation of levulinic acid (LA) using a suitable metal-based catalyst and a hydrogen source. Most of the literature examples describing liquid-phase LA hydrogenation to GVL make use of molecular hydrogen or liquid hydrogen donors such as formic acid 3−5 or alcohols such as ethanol, butanol, and isopropyl alcohol. 6−8 Such liquid-phase LA hydrogenations are typically run in the presence of either an organic or aqueous solvent, but reactions in neat LA have also been reported. 9, 10 In the past few years, many different active phases, including both noble and non-noble metals, were tested for the reduction of LA to GVL; 11−16 ruthenium-based catalysts have nonetheless emerged as the catalysts of choice, as they are typically the most active and selective. 10,17−19 For example, Manzer compared the activity of carbon supported on Ir, Rh, Pd, Ru, Pt, Re, and Ni catalysts and found Ru/C to perform the best. 17 The commercial availability of the latter has further contributed to its extensive use in the literature. 10, 17, 18 While most of these studies are concerned mainly with activity/selectivity, the third critical parameter of catalyst performance, i.e. stability, has been much less investigated. 20 For Ru/C, the limited number of examples available already shows, however, that stability is an issue and depends strongly on the choice of experimental conditions employed, with the type of solvent used being particularly important. Indeed, Ru/C reuse experiments in ethanol showed a drop in both the selectivity to GVL as well as the LA conversion rate. 10 A similar result was obtained using methanol as a solvent, in which Ru/C also showed quick deactivation already upon the first recycling. 18 The same was seen by Wettstein et al. using 2-sec-butylphenol as the solvent, with deactivation of the Ru/C catalyst in this case being irreversible, as reactivation under H 2 flow and high temperature did not restore its activity. 21 Likewise, also in water, deactivation of Ru/C was observed. 22 On the other hand, Upare et al. showed that Ru/C maintained its activity in dioxane under continuous-flow, vapor-phase conditions for 10 days on stream, with these stability tests being performed at full LA conversion, however. 23 More generally, it should be noted though that carbon supports would not survive the multiple regeneration cycles required for catalyst reactivation by burning off coke at high temperatures, which makes them after all less suitable for industrial use. 24 In general, catalyst performance in LA hydrogenation is greatly influenced by the choice of support, a topic that has recently attracted some attention, but again with more emphasis on activity and selectivity than on stability. As an example of the latter, Lange et al., for example, showed that SiO 2 , TiO 2 and ZrO 2 supports retained their structural integrity after exposure to hot levulinic acid, while others, including alumina and silica−alumina, did not. Of these, TiO 2 has attracted the most attention and has emerged as an attractive alternative to carbon as support. 24 We previously showed, for example, that Ru/TiO 2 (P25) gave excellent GVL yields both in dioxane as solvent and under more severe conditions including reactions run in neat LA and the LA mimic 2-ethylhexanoic acid. 9 Analysis of the spent Ru/TiO 2 catalyst showed the metal phase to be rather stable with very limited sintering and no significant leaching being observed even under the most severe conditions. 9 Catalyst reuse was not yet included in these studies. In the work of Al-Shaal et al. Ru catalysts supported on both pure rutile titania (with a low specific surface area) and P25-titania were compared under the same experimental conditions (i.e., T = 298 K) in ethanol or in water/ethanol. No conversion was seen with the pure rutile support, while good LA conversion and excellent GVL selectivity were obtained with TiO 2 (P25). 10 More facile substrate adsorption on TiO 2 (P25) or a high Ru dispersion was held responsible for this effect. A more detailed study of the influence of the titania phase was reported by Ruppert et al., who ran the hydrogenation reaction at low temperature (303− 343 K) in water. The highest GVL yields were obtained with a 90/10 anatase/rutile titania mixture and with pure rutile, while pure anatase-based catalysts performed much less well. The obtained results were linked to both the electronic properties of the support and the dispersion of Ru particles on the oxide surface. 25 Again, the focus in this study was on initial activity and no stability tests were performed.
The deactivation of metal-based supported catalysts is influenced by many different factors, including the type and the size of the metallic particles and their interaction with the support. 26 Stabilization strategies studied for Ru-based catalysts have included improving the metal phase stability by adding another metal to prevent irreversible deactivation by sintering. 27 ,28 Wettstein et al., for example, showed that addition of Sn to Ru/C led to much improved stability, albeit with reduced activity. 21 The same strategy was adopted by Yang et al., who reported on a highly stable Ru−Ni bimetallic catalyst supported on ordered mesoporous carbon which could be recycled up to 15 times in batch reactions using water as solvent. 29 Braden et al. in turn showed a Ru-Re/C catalyst to display improved stability even in the presence of some traces of sulfuric acid, a small amount of which rapidly deactivated the Ru/C monometallic catalyst. 30 Recently, we showed that a Ru-Pd nanoalloy supported on titania proved highly active, selective, and stable upon recycling. 27 Yao et al. investigated sulfonated poly(ether sulfone) (SPES), which showed superior performance over Ru/C in the hydrogenation of LA to GVL in water, while no deactivation was seen for Ru/SPES after five recycling tests. 31 Deng et al. prepared a Ru-based catalyst supported on a carbon or silica surface grafted with (mercaptopropyl)-trimethoxysilane or (3-aminopropyl)trimethoxysilane, moieties which served as anchoring agents for the supported Ru nanoparticles. The latter catalyst materials showed improved performance and high stability in the aqueous hydrogenation of LA during multiple recycling tests. 3 More extensive, structural studies on support-dependent mechanisms of deactivation are very limited, however. Abdelrahman et al., in one such example, recently reported on such a detailed study using Ru supported on carbon, silica, alumina, and titania, distinguishing irreversible, sintering-related deactivation as well as reversible deactivation, both of which were support dependent. 26 In the present study, we report on the effect of the choice of support on the stability of monometallic Ru catalysts. The performance and stability of Ru/TiO 2 (P25) was compared to a benchmark, commercial Ru/C catalyst in the selective reduction of LA into GVL, using dioxane as a solvent. Rather surprisingly, Ru/TiO 2 showed considerable deactivation upon reuse, which could be attributed to reduction of the support and partial coverage of the metal nanoparticles. Ru/ZrO 2 , a support which was previously shown to withstand severe liquidphase conditions well, 24, 32 is shown to be an excellent alternative for this reaction.
EXPERIMENTAL SECTION
2.1. Materials. All chemicals were used as received without any further purification. For the catalytic testing the following chemicals have been used: levulinic acid (98%), 1,4-dioxane (99+%, containing 0.05% of H 2 O), and anhydrous 1,4-dioxane (<99.8%) from Alfa Aesar. Anhydrous THF (unstabilized) was obtained from an MBRAUN solvent purification system. γ-Valerolactone (99%), γ-hexalactone (<98%), γ-octalactone (<97%), and δ-hexalactone (<98%) were obtained from Sigma-Aldrich. Anisole (99%), used as an internal standard, was purchased from Acros Organics. For the preparation of the catalyst materials the following chemicals have been used: ruthenium(III) nitrosyl nitrate (RuNO(NO 3 ) 3 /Ru 31.3%) was obtained from Alfa Aesar, while the supports TiO 2 (P25) and ZrO 2 (monoclinic) Daiichi Kikenso RC-100 were obtained from Degussa. The commercial Ru/C (with an average Ru diameter of 2.5 nm) 33 was obtained from Aldrich and used as received. Technical grade acetone (>99%), used for washing the catalyst, was purchased from Interchema.
2.2. Catalyst Preparation. Two 1 wt % Ru catalysts supported on TiO 2 (P25) and monoclinic ZrO 2 were prepared using a wet impregnation procedure. First, the supports were crushed and then dried for 2 h at 393 K, after which the support was dispersed in distilled water with stirring (450 rpm) for 30 min. 10 mL of the precursor solution was added to the suspended support dropwise, after which the mixture was allowed to stand for 1 h. After elimination of the water under vacuum at 333 K, the catalyst was dried at 333 K overnight and calcined at 773 K for 3.5 h with a heating ramp of 5 K/min under an N 2 flow of 100 mL/min, followed by its reduction at 723 K for 5 h under an H 2 flow of 80 mL/min.
Catalyst
Characterization. Thermal gravimetric analysis (TGA) was performed with a Perkin-Elmer Pyris 1 apparatus. The sample was initially heated to 423 K for 1 h with a temperature ramp of 10 K/min under a 20 mL/min flow of Ar to exclude physisorbed water and acetone, followed by a ramp of 5 K/min to 873 K under a 10 mL/min flow of O 2 to burn off any organic deposits formed. N 2 physisorption isotherms were recorded to determine surface areas and pore volumes with a Micromeritics Tristar 3000 setup operating at 77 K. The samples were outgassed prior to performing the measurements for 20 h at 573 K under an N 2 flow. Surface areas were determined using the Brunauer−Emmett−Teller (BET) theory, while pore volumes (cm 3 /g) were determined by the BJH method. Samples for examination by scanning transmission electron microscopy (STEM) were prepared by dry dispersing the catalyst powder onto holey carbon supported by a 300 mesh copper TEM grid. Bright field (BF) and high angle annular dark field (HAADF) STEM images were taken using an aberration-corrected JEM ARM 200CF microscope operating at 200 kV. Particle size distribution analysis was performed from the electron micrographs using ImageJ. Scanning electron microscopy (SEM) images were taken on a FEI Quanta 3D FEG microscope at an accelerating voltage of 5 kV without additional coating of the surface. The X-ray photoelectron spectroscopy (XPS) measurements were carried out on a Thermo Scientific K-Alpha spectrometer, equipped with a monochromatic small-spot X-ray source and a 180°d ouble-focusing hemispherical analyzer with a 128-channel detector. Spectra were obtained using an aluminum anode (Al Kα = 1486.6 eV) operating at 72 W and a spot size of 400 μm; samples were not handled under an inert atmosphere and should be considered passivated. Survey scans were measured at constant pass energy of 200 eV and region scans at 50 eV. The background pressure of the UHV chamber was 2 × 10 −8 mbar. As the C 1s and Ru 3d core level regions overlap, the Ru/ TiO 2 spectra were calibrated using the well-isolated Ru 3d 5/2 peak at 280.0 eV. ZrO 2 -supported catalysts were calibrated by setting the C 1s adventitious carbon position to 284.8 eV. Component peak areas have been normalized on the basis of atomic sensitivity factors: C 1s, 0.25; O 1s, 0.66; Ru 3d, 3.6; Ru 3p, 1.3; Ti 2p, 1.8; Zr 3d, 2.1. 34 Powder X-ray diffraction (XRD) patterns were measured with a Bruker D8 Advance powder X-ray diffractometer equipped with automatic divergence slits, a Vantec detector, and a cobalt Kα 1,2 (λ = 1.78897/1.79026 Å) source. Diffraction patterns were collected between 5 and 40°or between 5 and 55°2θ with an increment of 0.017 (in 2θ) and an acquisition time of 1 s per step. Fourier transform infrared (FT-IR) spectra in transmission mode were recorded on a PerkinElmer 2000 instrument. Samples were pressed under 3.5 tons for 15 s to achieve self-supporting wafers (12−28 mg/13 mm diameter). The wafer was positioned in a well-sealed cell with CaF 2 windows and posteriorly activated at 873 K (5 K/min) under high vacuum (10 −6 bar). Subsequently, the cell was cooled to 85 K. Spectra were taken upon CO (10% in He, purity 99.9%) adsorption on the sample, at increasing pressures. 22 2.4. Catalyst Testing. All reactions were run in a 50 mL Parr batch autoclave at a temperature of 423 K for 3 h using a H 2 pressure of 30 bar and a stirring speed of 1250 rpm. It was previously shown that in this setup LA conversion is essentially independent of the stirrer speed above 900 rpm. 9 In a typical reaction, the batch autoclave reactor was loaded with the catalyst, substrate, and solvent using a substrate (LA) to catalyst (bulk Ru) ratio of 1000. Then, the autoclave was purged three times with Ar, after which the reaction mixture was heated to the reaction temperature and charged with H 2 . This was taken as the starting point of the reaction; during the reaction samples were taken regularly and filtered and 1 wt % of anisole was added as internal standard. At the end of the reaction, the autoclave was cooled rapidly to room temperature in an ice bath, after which the remaining H 2 was released. The catalyst was separated by filtration (filters of 0.45 μm), washed with acetone, and dried overnight at 333 K in air. The reaction products were analyzed using a Shimadzu GC-2010A gas chromatograph equipped with a CPWAX 57-CB column (25 m × 0.2 mm × 0.2 μm) and FID detector, using authentic samples for calibration. The majority of the tests were performed using 1,4-dioxane (27 g) as a solvent and 10 wt % of levulinic acid (3 g, 25.8 mmol) over a series of 1 wt % of Ru supported catalysts. For all three catalysts (Ru 5%/ C, Ru 1% /TiO 2 , and Ru 1% /ZrO 2 ), the amount of catalyst added to the reaction medium was such that a molar LA to Ru (bulk) ratio of 1000 was obtained. TOF values were calculated from the initial rate (measured after 0.5 h) and metal dispersion, as estimated from the (S)TEM data. 27 Additional tests were performed using other organic solvents (i.e., tetrahydrofuran, γ-hexalactone, δ-hexalactone, and δ-valerolactone) under otherwise similar experimental conditions. For the experiment performed with GVL as a solvent, the GVL yield was calculated on the basis of the LA conversion and the absence of any byproducts.
RESULTS AND DISCUSSION

Effect of the Support on Catalyst Performance.
Levulinic acid hydrogenation reactions were conducted under batch conditions in dioxane. Given the many different reaction conditions reported for the LA to GVL reaction, 1 we first varied the reaction temperature and H 2 pressure with the commercial, benchmark Ru/C to find suitable standard conditions for the study of the influence of support on performance. As expected and shown before, the catalytic efficiency was found to be highly sensitive to reaction temperature but did not much depend on H 2 pressure. 22 At 373 K, full LA conversion was only reached after 24 h, while at 323 K less than 20% GVL was obtained after the same time interval. Instead, full conversion and quantitative GVL yields were reached after a convenient 3 h of reaction at 423 K. The results shown in Figure 1a depict the influence of reaction temperature at a fixed H 2 pressure of 30 bar. Variation of the H 2 pressure from 20 to 40 bar at 423 K had a modest effect, all giving nearly full GVL yields after 3 h. This is in line with the findings of Yan et al., who noted no difference in GVL yields above 12 bar of H 2 in reactions run in water. 18 Standard reaction conditions were thus set at 423 K, P H 2 = 30 bar, and a fixed molar LA/bulk Ru ratio of 1000. Under these experimental conditions, the performance of the benchmark Ru/C catalyst was compared to that of Ru/TiO 2 and Ru/ZrO 2 solids, both synthesized by a standard wet-impregnation method. Characterization data for these last two catalysts can be found in Table 1 .
The production of GVL as a function of time is shown in Figure 1b ). Notably, already after the first use, the recovered Ru/TiO 2 catalyst was found to have changed color from gray to dark black. In contrast, the gray Ru/ZrO 2 solid remained visually unchanged after the reaction. This change in color of the Ru/TiO 2 material already pointed at its instability, which was further evidenced upon its recycling. The origin of the darkening is described in detail below (see section 4).
The stability of the Ru/TiO 2 , Ru/C, and Ru/ZrO 2 catalysts under the applied batch conditions was assessed by multiple catalyst recycling tests. The solid was recovered after the reaction, simply washed with acetone, dried at 333 K overnight, and used again. Under these conditions, Ru/C showed only a small drop in GVL yield from 96 to 92% upon the fifth reuse ( Figure 2) . Stability tests at lower conversion (3 h at 373 K) nonetheless showed a clear deactivation of the Ru/C catalyst, with GVL yields dropping from nearly 50% to 20% in the fifth recycling test, still with full GVL selectivity. TEM measurements performed on both the fresh Ru/C and the Ru/C recycled five times (at lower conversion) excluded sintering as the cause of deactivation, as no difference was seen in particle size between the two samples, with averages of 1.7 ± 0.4 and 1.7 ± 0.7 nm, respectively. Physisorption measurements showed some changes in the support, with the surface area dropping from 777 to 674 m 2 /g after recycling five times and tplot micropore volume dropping from 0.22 to 0.18 cm 3 /g. In sharp contrast, even at high conversion, three runs were already sufficient to show that the Ru/TiO 2 catalyst was considerably less stable, showing a drop of ∼30% in GVL yield. After the fifth recycling, a GVL yield of only 63% was obtained. Ru/ZrO 2 , on the other hand, proved to be highly stable and near-quantitative GVL yields were obtained up to the fourth recycling run. The fifth recycling test showed a slight drop, similar to the slight (but more gradual) deactivation noticed for Ru/C at high conversion. This drop in activity could be attributed to the buildup of carbonaceous deposits as shown in Table 1 . For Ru/ZrO 2 , recycling tests were also performed at lower conversion, again showing stable performance, with the yield actually going up slightly upon the first recycling. A single regeneration attempt by reduction at 723 K of both the Ru/ TiO 2 and Ru/ZrO 2 catalysts recycled five times proved inconclusive. Some but not full restoration of the activity was seen for Ru/TiO 2 (78% GVL after regeneration), while regenerated Ru/ZrO 2 showed the same yield as that after five recycle runs.
3.2. Effect of the Solvent. LA hydrogenation reactions are sometimes run neat but are more often carried out on dilution in either water or an organic solvent. The choice of solvent is very important both from an environmental point of view, e.g. f Samples dried at 573 K prior to analysis. the solvent typically dominates the footprint of a process, and from an upscaling point of view, as the use of some solvents on an industrial scale may be complicated (e.g., by their toxicity). 35 Dioxane, for example, is a very convenient solvent for smallscale catalyst development studies, but its toxicity makes it less suited for larger-scale utilization. We thus investigated alternatives to dioxane including THF and different bio-based γ-and δ-lactones (Figure 3) , including GVL itself under the same standard conditions. 36 GVL is being increasingly used as a green solvent in various catalytic conversions, having a high stability in the presence of water or oxygen and a low toxicity and flammability risk. 2 The obtained results, presented in Figure 3 , show that high GVL yields are obtained with all γ-lactones, including GVL; however, tetrahydrofuran and δ-hexalactone proved less suited and gave lower GVL yields, albeit still with full selectivity. The reduced performance of the last two solvents correlated well with the amount of carbonaceous deposits formed, as assessed by TGA analysis (Figure 3) , with 8 and 15% weight loss detected for δ-hexalactone and THF, respectively. The spent catalysts from the runs in dioxane, γ-valerolactone, γ-hexalactone, and γ-octalactone showed much less carbon deposition (≤5%). TOF values were determined for GVL (0.10 s ), showing some small differences in activity for the selected solvents. The deactivation noted for THF most probably results from THF polymerization into a polyether polyol, 37 while the differences seen for the γ-and δ-lactones can be related to the ease of ring opening to the corresponding enoic acids, which might be more prone to coking.
The effect of added water on the performance of the Ru/ ZrO 2 catalyst was also investigated, as water can be expected to be carried over from prior biomass pretreatment steps and is likely to influence catalyst performance. Different amounts of added water were tested, and anhydrous dioxane was included for comparison ( Figure 4) .
The results obtained after 1 h of reaction time clearly show water to have a positive effect on the catalysis, with the addition of 1 wt % already showing an increase in GVL yield of 25%. Yields further increase with the addition of 10 wt % water, resulting in near full conversion already after 1 h. Larger amounts of added water then led to a small drop in activity, as exemplified by the 50 wt % example. Note that in all cases (near) quantitative GVL yields were obtained after 3 h, though. The obtained results are similar to those described recently by Tan et al., who also noted that water promoted the rate of LA hydrogenation and showed it to participate in the reaction. 38 Michel et al. investigated the role of water in LA hydrogenation in a combined experimental and DFT study. These studies showed that the capability of Ru to hydrogenate acetone (taken as a model for LA) was strongly enhanced by the presence of a single chemisorbed water molecule. 39 
CATALYST CHARACTERIZATION: INSIGHT INTO
STABILITY AND DEACTIVATION To get more insight into the large differences in catalyst performance, the fresh and spent Ru/TiO 2 (recycled three times) and Ru/ZrO 2 (recycled five times) catalysts were characterized by N 2 physisorption, SEM, XPS, FT-IR after CO adsorption, and STEM. The N 2 physisorption measurements already showed a dramatic difference (Table 1) . Indeed, the specific surface area of the Ru/TiO 2 catalyst recycled three times decreased remarkably in comparison to the fresh catalyst, while the pore diameter increased considerably. Importantly, the average diameter of the Ru nanoparticles in Ru/TiO 2 did not change much from the fresh sample (2.7 ± 1.1 nm) to the sample recycled three times (2.1 ± 0.7 nm), as measured by STEM. TGA analysis of the Ru/TiO 2 catalyst recycled three times furthermore showed 3% weight loss, suggesting that carbon deposition is limited. Taken together, these results suggest that the partial deactivation of the Ru/TiO 2 catalyst is not caused by loss of metallic surface area by sintering of Ru particles, nor is it likely the result of deposition of carbonaceous deposits. Instead, the partial deactivation of the catalyst is linked to a modification of the TiO 2 (P25) support.
In stark contrast, the changes in BET surface area and pore volume were found to be very minor for the Ru/ZrO 2 catalyst, showing only a slight decrease even after five recycling tests. TGA analysis showed 7% weight loss after six runs (five recycling tests), and these carbonaceous deposits might be the cause of the slight deactivation seen in Figure 2 . SEM images of the Ru/ZrO 2 catalyst (data not shown) further highlight the structural integrity of this catalyst, with the same homogeneous size distribution of a few micrometers (1−3 μm) being observed for both the fresh and spent catalyst.
XPS Measurements.
Further insights into the (lack of) change in catalyst structure were obtained from XPS measurements on the fresh and recycled ruthenium catalysts supported on TiO 2 (recycled three times) and ZrO 2 (recycled five times). The fresh TiO 2 -supported Ru catalyst contains mostly TiO 2 with Ti 4+ species at the surface (Figure 5a ), as indicated by the intense Ti 2p 3/2 component at 459.0 eV. In addition to the dominant signal of Ti 4+ , a small (12%) contribution of Ti 3+ (Ti 2p 3/2 component at 457.6 eV) can also be seen. The peak at 461.0 eV is the Ru 3p 3/2 signal, which overlaps with the Ti 2p region. 40 The Ti 2p core level spectra of the fresh and spent catalyst are very different. The change in color of the used Ru/TiO 2 catalyst that was noted above already pointed at the possibility of (partial) reduction of titania and formation of Ti 3+ species. 41 The XP spectrum of the used catalyst indeed showed a large increase in the amount of Ti 3+ after the reaction, as is evident from the Ti 2p 3/2 peak at 458.0 eV. 42 The reducing conditions during LA hydrogenation thus apparently led to the reduction of a significant amount of Ti 4+ to Ti 3+ . Titania reduction has been reported to be facilitated by Ru by hydrogen spillover. 36,43−45 The Ti 3+ /Ti 4+ ratio increased by a factor of 10 from the fresh catalyst (0.14) to the spent catalyst (1.3), corresponding with a close to 5-fold increase in Ti 3+ from 12 to 55%. The signal of the Ru 3d core levels overlaps with the C 1s core levels ( Figure 5b) ; C 1s spectra of adventitious carbon (AC) species were fitted according to the reported binding energies. 46 This overlap complicated both the analysis of the Ru 3d species as well as the charge correction, for which the C 1s peak of adventitious carbon (sp 3 -CH, C−C) at 284.8 eV is usually used. The fresh Ru/TiO 2 sample contains mostly cationic Ru species (81% of total Ru 3d) as Ru 4+ and Ru δ+ with 3d 5/2 binding energies of 283.6 and 281.3 eV, respectively, as well as metallic Ru 0 with a 3d 5/2 binding energy of 280.0 eV. 43, 47 Note that as the samples were not rigorously kept under an inert atmosphere prior to XPS analysis, some changes in Ru oxidation state might have been induced by catalyst retrieval, handling, and transport. The relevance of the Ru oxidation state quantification is therefore limited and differences between samples should be treated with caution. The O 1s spectral region reveals three major contributions (Figure 5c In contrast to the reduction of the support observed in the case of Ru/TiO 2 , the ZrO 2 support of the Ru/ZrO 2 remained virtually unchanged upon use in the LA hydrogenation reaction (Figure 6a ). The Zr 3d core level spectrum (Zr 3d 5/2 at 181.8 eV) does not show a significant intensity change or new spectral features indicative of reduction following the LA hydrogenation reaction (Figure 6a ). In keeping with this, the O 1s region for Ru/ZrO 2 was also not affected by the catalytic reaction, showing no significant change in either peak composition or intensities (Figure 6c ). The major component O(I) corresponds to ZrO 2 (529.7−529.9 eV) and components O(II) (531.4−531.6 eV) and O(III) (532.8−533.3 eV) relate to organic or hydroxylic O and adsorbed water, respectively. 48 The darkening of the Ru/TiO 2 catalyst can thus be attributed to a reduction of the support. Indeed, a reduction method has previously been developed by Chen et al. with the specific purpose of obtaining "black hydrogenated titanium oxide" for use in photocatalysis. 49 The reduction treatment in this particular case aims to enhance solar absorption by introducing disorder at the TiO 2 surface. This solid could be obtained via lengthy hydrogenation of TiO 2 under an H 2 atmosphere at elevated temperature (P H 2 = 20 bar, T = 673 K; t ≈ 120 h). Others have since reported on various alternative methods for titania reduction. 41, 50, 51 The black coloration of TiO 2 is considered to be due to the generation of surface disorder and oxygen vacancies upon H 2 reduction. 41 Ru/TiO 2 is subjected to much milder conditions in our case (P H 2 = 30 bar, T = 423 K; t = 3 h), but it is well-known that transitionmetal-promoted titania is more easily reduced by hydrogen spillover effects, which allow the H atoms formed by dissociation on the metal surface to migrate to the reducible oxide. 52 4.2. FT-IR after CO Adsorption. While the origin of the darkening of the TiO 2 is thus established, it is less clear how this is associated with the actual partial deactivation of the catalyst. The changes in support and their influence on hydrogenation ability were further investigated with lowtemperature FT-IR after CO adsorption (CO/FT-IR) 52 on a fresh Ru/TiO 2 sample and the catalyst recycled three times. For comparison, two additional samples were characterized: (i) the fresh bare TiO 2 (P25) support treated by the same calcination and reduction procedures adopted for the synthesis of the fresh Ru/TiO 2 catalyst as well as (ii) the reduced and calcined TiO 2 (P25) sample subsequently subjected to the standard conditions of the LA hydrogenation process (e.g., 10 wt % of LA, in dioxane solvent). The fresh titania-only sample had a bluish white color after calcination/reduction, indicating that Ti 3+ formation already occurs during pretreatment. 53 While temperature-programmed reduction of bare TiO 2 (P25) was reported to show reduction of Ti 4+ species at temperatures higher than 773 K, 45 the color change of the fresh titania-only sample indicates that reduction can also occur under the present pretreatment conditions: i.e., at a temperature that is at least 100 K lower. The color of the titania-only sample subjected to reaction conditions is yellowish because of the deposition of reaction side products, and therefore its color cannot unfortunately be used as an indicator of the oxidation state of the titania. Figure 7 shows the CO stretching region of the FT-IR spectra for the fresh and spent Ru/TiO 2 catalysts as well as for the support-only samples upon CO adsorption at 85 K before and after the catalytic treatment. The spectra for fresh TiO 2 (P25) correspond well to the results reported by Hadjiivanov et al., 54, 55 with CO adsorption being observed on electrophilic four-coordinated Ti 4+ α sites (2210 cm . 54, 55 The signals at 2139 and 2152 cm −1 belong to physisorbed CO and to CO on surface OH groups, respectively. The latter signal is quite small, given the high degree of surface dehydroxylation after outgassing at 873 K. 57 It should be noted that reduced Ti 3+ cannot be detected by CO adsorption with FTIR, as CO dissociation occurs on such sites even at low temperature. 58, 59 The CO/FT-IR spectra of fresh Ru/TiO 2 ( Figure 7b ) and fresh TiO 2 ( Figure 7a ) are very similar. A new broad band centered at 2074 cm −1 is seen for the fresh Ru/TiO 2 catalyst, corresponding to Ru δ+ monocarbonyl species. 60 The spectra of the spent Ru/TiO 2 and spent TiO 2 samples (Figure 7c,d ) also look rather similar, with only a difference in the relative amount of γ sites being noted.
Comparison of the spectra of fresh (Figure 7b ) and recycled Ru/TiO 2 samples reveals one key difference: the Ru δ+ -CO band is absent in the latter. In fact, no Ru carbonyl bands are detected at all. The absence of any such Ru-CO absorption bands on the recycled Ru/TiO 2 catalyst can now be related to the decrease in catalytic activity (Figure 2 ). This lack of COaccessible Ru sites could be the consequence of encapsulation of the active Ru particles either by collapse of the TiO 2 structure or as a result of a strong metal−support interaction effect (SMSI). That the former does not occur for the bulk of the support is evidenced by the XRD patterns of both the fresh and three-times recycled Ru/TiO 2 catalysts, which are identical, giving an anatase:rutile ratio of 80:20 for both samples (fresh and spent catalysts).
It should be noted that Di et al. recently also observed a similar reduction of Ti 4+ to Ti 3+ in a Ru/TiO 2 catalyst used for gas-phase CO oxidation. Prereduction of the catalyst with H 2 led to surface reconstruction of the Ru species, as evidenced by HRTEM, with monometallic Ru thought to be responsible for preferential oxidation in their case, as could be seen from CO/ FT-IR. 43 Indeed, SMSI effects are known to change the adsorption properties of titania-supported metals exposed to reducing reaction conditions. This phenomenon was first defined by Tauster et al. 61 in 1978 and has since been extensively studied. 58, 59, 62 Typical of SMSI is the "decoration" or (partial) encapsulation of metal active sites by the migration of support-derived species (e.g., highly mobile TiO 2−x suboxide species formed under reducing conditions) onto the metal particles' surface. The SMSI may then either prove advantageous for or detrimental to catalyst activity. For instance, strong metal−support interactions have prevented Ru metal particles from sintering, 63 leading to highly dispersed nanoparticles on the catalyst surface and (usually) to higher activity. Moreover, it has been suggested that partial encapsulation of the active metal by the support might protect the catalyst from deactivation in some cases. 64 On the other hand, a SMSI may negatively affect the performance of the active nanoparticles. For instance, Bonanni et al. attributed the partial loss of catalytic activity in the CO oxidation reaction catalyzed by Pt/TiO 2 , to encapsulation of the metal clusters by a reduced TiO 2 layer. 65 4.3. STEM. The characterization data detailed above suggest that titania species are reduced under the reaction conditions, become mobile, and gradually encapsulate the Ru nanoparticles, leading to loss of activity. Indeed, the XPS results clearly show the extent to which Ti 3+ species are formed and additionally show the total Ru to Ti molar ratio to change from 8% for the fresh catalyst to 4% for the Ru/TiO 2 catalyst recycled three times. Ru leaching, which could cause the same variation in total Ru/Ti molar ratio, is excluded, as it was previously shown that even under harsher experimental conditions only a negligible amount of Ru (<0.5%) could lixiviate into the solution with this catalyst. 9 Given the lack of sintering, the change in ratio suggests an increase in the amount of TiO 2 at the surface: i.e., by coverage of the Ru nanoparticles.
That the loss of active Ru surface is the result of encapsulation of the metal nanoparticles by the support through an SMSI effect was confirmed by STEM measurements on the fresh and three-times recycled Ru/TiO 2 . The HAADF-STEM images of the fresh Ru/TiO 2 material (Figure 8a ) show clear evidence of discrete Ru-containing nanoparticles having a mean size of 2.7 nm (Figure 8e ). Atomic resolution images of the TiO 2 support show it to expose distinct surface facet planes that are very clean (Figure 8b,c) . Atomic resolution images of the supported Ru particles confirmed them to be metallic Ru with a hexagonally closed packed (hcp) structure typically exposing {101} and {002} type surface facets (Figure 8c,d) .
The STEM analysis of the Ru/TiO 2 material recycled three times revealed some definite microstructural changes that correlate well with the drop in catalytic activity, the drop in BET, the observed support reduction, and the loss of active Ru surface area. A population of hcp Ru nanoparticles is still apparent (Figure 9a ) with a similar mean particle size of 2.1 nm (Figure 9e ). However, on closer inspection, the TiO 2 support has clearly developed a continuous disordered surface layer that varies in thickness between 1 and 3 nm (Figure 9b ). This amorphization of the titania surface is in line with what has been reported for the 'black hydrogenated titania' synthesis methods. 41,49−51 When viewed in profile, it is apparent that many of the Ru nanoparticles are effectively buried in this thin disordered layer (Figure 9c ), which could explain the absence of the Ru δ+ -CO band in CO/FT-IR (Figure 7d ). It is also interesting to note that a population of sub-nanometer Ru clusters were visible in both the fresh (Figure 8d ) and spent ( Figure 9d ) Ru/TiO 2 materials in the HAADF imaging mode.
The STEM images of the fresh, once recycled, and five-times recycled Ru/ZrO 2 catalysts show that the microstructural features of the ZrO 2 support do not change. This is in line with the lack of change seen by N 2 physisorption and by XPS. Surprisingly, the fresh Ru/ZrO 2 sample showed no evidence of any Ru-containing nanoparticles on examination by bright field (BF) microscopy (Figure 10a,b) . However, in the HAADF-STEM imaging mode (Figure 10c,d ) Ru atoms dispersed on the ZrO 2 support material could be visualized by virtue of the higher atomic number of Ru (Z = 44) in comparison to the atoms making up the support (Z Zr = 40, Z O = 8). The Ru atoms were consistently found to be located on Zr column sites. This is in line with other observations on the location of single atoms on an oxide support. 66 Mostly atomically dispersed Ru atoms have been seen for Ru/Al 2 O 3 together with small Ru aggregates, albeit at a 10 times lower weight loading of Ru. 67 Previously, it was shown that the dispersion of Ru on an oxide support was found to be independent of the metal salt precursor but did depend on the nature of the oxidic support. 68 This would suggest that ZrO 2 is responsible for the very high, improved Ru dispersion in our case.
After being recycled for one cycle, the Ru phase of the Ru/ ZrO 2 material showed some evidence of microstructural evolution, in that the occasional discrete Ru nanoparticle is now detected (Figure 11a,b) , although most of the Ru remained in atomically dispersed form. The lattice fringes in some of the particles could be indexed to hcp Ru metal, while others looked to be more disordered in character. A particle size distribution of this rather sparse population of Ru particles showed them to have a mean size of 3.3 nm (Figure 11c ). After the fifth reuse, Ru/ZrO 2 exhibited many more discrete Ru nanoparticles (Figure 11e ), yet a small fraction of atomically dispersed Ru could still be detected on some ZrO 2 support grains (Figure 11d) . Most of the supported Ru nanoparticles in this sample showed lattice fringe spacings and intersection angles that were consistent with hcp Ru metal. The mean size of this considerably greater population of Ru nanoparticles was measured as 2.8 nm (Figure 11f ). The STEM images thus not only confirm that the ZrO 2 is stable under the reducing conditions but also reveal some evolution in Ru speciation.
The fact that ZrO 2 is not reduced is in line with the work of Eder et al., in which it was shown that higher temperatures (e.g., above 973 K) are needed for ZrO 2 reduction. 69 This temperature is significantly higher than the reduction temperature needed to reduce TiO 2 . The lack of any color change shown by the (bare) ZrO 2 support upon calcination, reduction, and submission to hydrogenation conditions is in line with this. Interestingly, Ruppert et al. also demonstrated that adding ZrO 2 to a Pt/TiO 2 catalytic system improved its stability by preventing the encapsulation of the metal clusters by TiO x layers. 70 Further study is now required on how the high dispersion of Ru depends on catalyst preparation parameters, including weight loading and metal precursor, and how the (change in) dispersion affects catalytic activity. Indeed, highly active single-atom catalysts for hydrogenation have been reported. 71 A study on the dependence of specific activity as a function of Ru loading or particle size will provide those insights.
CONCLUSIONS
A comparison of the stability of different supported Ru-based catalysts under typical LA hydrogenation conditions in dioxane showed Ru/ZrO 2 to perform better than Ru/C and Ru/TiO 2 , with the former catalyst materials displaying high activity, selectivity, and stability upon repetitive recycling. The Ru/TiO 2 catalyst, considered a benchmark catalyst for this reaction, showed clear deactivation upon recycling. This deactivation first became apparent visually by the change in color of this catalyst from gray to dark black. Extensive characterization showed that the deactivation of the Ru/TiO 2 catalyst is mainly due to instability of the support and not to sintering of the Ru nanoparticles or fouling. Reduction of the TiO 2 support and encapsulation of the Ru nanoparticles as a result of SMSI is thought to be the main cause of catalyst deactivation, as clearly shown by the combination of STEM and XPS data. In Ru/ ZrO 2 , the support did not show any microstructural changes, though some genesis of Ru nanoparticles at the expense of atomically dispersed Ru atoms was observed. The Ru/ZrO 2 catalyst displayed stable GVL yields not only in dioxane but also in GVL and other lactones (i.e., γ-hexalactone and γ-octalactone) as more benign solvents. Finally, water was shown to be advantageous for LA hydrogenation. 
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